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I .  

A r e c e n t  daytime measurement of i o n  composition i n  t h e  

a l t i t u d e  r eg ion  from 308 Bm t o  940 km by Tay lo r ,  Brace ,  B r i n t o n ,  
and Smith (1963) a l lows  some i n f e r e n c e s  about t h e  phys i ca l  
p rocesses  governing t h e  d i s t r i b u t i o n  of t h e  l i g h t  i o n i c  c o n s t i t u -  
e n t s  H+ and H e + .  
c e n t r a t i o n s  de r ived  from t h e  current-measurements of t h e  i on  mass 
spec t romete r  may be s u b j e c t  t o  some e r r o r s ,  u s e f u l  in format ion  
can n e v e r t h e l e s s  be ob ta ined  from t h e s e  d a t a .  The observed 
pro ton  d i s t r i b u t i o n  has  a l r eady  been used by -~ Hanson,  P a t t e r s o n ,  

--- 

-- 

Although t h e  a b s o l u t e  v a l u e s  f o r  t h e  i o n  con- 

and Degaonkar, (1963) t o  deduce a va lue  f o r  t h e  r a t e  c o e f f i c i e n t  
-___I_ 

of t h e  charge exchange r e a c t i o n  between hydrogen and oxygen. 

n(H+)/n(He+), it is p o s s i b l e  to  deduce a d d i t i o n a l  in format ion  
on t h e  phys ica l  p rocesses  and s t r u c t u r e  parameters  of t h e  upper 

In F ig .  1 t h e  r a t i o  n(H+)/n(He+) based on t h e  exper imenta l  

By us ing  t h e  r a t i o  of t h e  two observed i o n i c  c o n s t i t u e n t s ,  

I atmosphere.  

d a t a  of Taylor  e t  a1 (1963) is p l o t t e d  a s  a f u n c t i o n  of  geo- 
p o t e n t i a l  a l t i t u d e .  I t  is  q u i t e  obvious t h a t  t h e  a l t i t u d e  
d i s t r i b u t i o n  of t h i s  r a t i o  can be d iv ided  i n t o  t h r e e  d i s t i n c t  
r e g i o n s  of behavior .  These can b e  exp la ined  a s  t h e  r e s u l t  of 
t h e  predominance of e i t h e r  chemical p rocesses  (charge exchange, 

- -- 

1 
p h o t o i o n i z a t i o n  and ion-atom in te rchange  or r a d i a t i v e  re- 
ccmbinatioii)  0i'- d i f f u s i o n  processes ,  or t h e i r  combination a s  
shown i n  t h e  fo l lowing:  



I. The lowermost po r t ion  of t h e  d i s t r i b u t i o n  
of n(H+)/n(He 
by a chemical equ i l ib r ium d i s t r i b u t i o n  of 

t h e  t w o  i o n i c  c o n s t i t u e n t s .  

+ i n  Fig.  1 can be exp la ined  

I t  is now g e n e r a l l y  agreed t h a t  below 500 k m  t h e  charge 
exchange r e a c t i o n  between hydrogen and oxygen governs t h e  
pro ton  d i s t r i b u t i o n  (Hanson e t  a l ,  1963).  Thus, -- - - 

where n(X) is t h e  number d e n s i t y  of t h e  c o n s t i t u e n t  X ,  which 
is d i s t r i b u t e d  exponen t i a l ly  wi th  g e o p o t e n t i a l  a l t i t u d e  
accord ing  t o  its scale h e i g h t ,  H(X). 

governed by 

- 
The photochemical equ i l ib r ium d i s t r i b u t i o n  of He' is 

n(He+) = I(He)n(He) 

I where I(He) is t h e  pho to ion iza t ion  rate c o e f f i c i e n t  f o r  helium I 

(Hin teregger  and Watanabe, 1962) and K is t h e  ra te  c o e f f i c i e n t  
f o r  t h e  ion-atom in te rchange  r e a c t i o n  w i t h  molecular  oxygen, 
now cons ide red  t o  be r e s p o n s i b l e  f o r  t h e  l o s s  of helium i o n s  

(Bates  and P a t t e r s o n ,  1962; Hanson, 1963).  

of chemical  and thermal  equ i l ib r ium t h e  r a t i o  of t h e  t w o  
i o n i c  c o n s t i t u e n t s  fo l lows  t h e  a l t i t u d e  dependence: 

I t  is e a s i l y  shown from (1) and ( 2 ) ,  t ha t  f o r  t h e  case 
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where A is a c o n s t a n t ,  e is  t h e  g e o p o t e n t i a l  a l t i t u d e  above 
t h e  chosen r e fe rence  l e v e l  and - H(21) is t h e  s c a l e  h e i g h t  
corresponding t o  an e f f e c t i v e  mass of 21 A . M . U .  ( I t  is 
i n t e r e s t i n g  t o  no te  t h a t  t h e  a l t i t u d e  dependence g iven  i n  

(3) a l s o  holds  even i f  t h e  He' and H+ d i s t r i b u t i o n s  were both 
c o n t r o l l e d  by photochemical equ i l ib r ium,  i .e .  , H+ being 
produced by pho to ion iza t ion  and l o s t  by r a d i a t i v e  recombina- 
t i o n ,  assuming 0' t o  be t h e  predominant i o n ) .  Making use of 
(3) f o r  t h e  lowermost p o r t i o n  of t h e  curve i n  F ig .  1 l e a d s  t o  
an upper l i m i t  f o r  t h e  n e u t r a l  gas  temperature  of 1200°2600K 
which is i n  good agreement w i t h  t h e  e f f e c t i v e  charged p a r t i c l e  
tempera ture  (Te+Ti)/2 = 1235°2400K i n f e r r e d  by Taylor  -- e t  a l ,  
(1963) from t h e  s l o p e  of t h e i r  t o t a l  i o n  d e n s i t y  d i s t r i b u t i o n .  
(The e s t ima ted  n e u t r a l  gas  temperature  f o r  t h e  t i m e  of t h i s  

measurement, based on s a t e l l i t e  drag  obse rva t ions  ( Jacch ia  
and Slowey, 1963) ,  is 1050OK). -- 

11. The uppermost p o r t i o n  of t h e  n(H+)/n(He+) 
d i s t r i b u t i o n  corresponds t o  a d i f f u s i v e  
equ i l ib r ium d i s t r i b u t i o n .  

I t  is now g e n e r a l l y  known (Mange, 1960) t h a t  (un l ike  
t h e  behavior  of n e u t r a l  c o n s t i t u e n t s )  t h e  d i f f u s i v e  
e q u i l i b r i u m  d i s t r i b u t i o n  of minor i o n s  is not independent 
of o t h e r  i o n i c  c o n s t i t u e n t s  because of t h e  presence of an 
e l e c t r o s t a t i c  f i e l d  (propor t iona l  t o  t h e  mean i o n i c  mass and 
t h e  e l e c t r o n  and i o n  temperatures)  which is t h e  same f o r  a l l  
i o n s  i n  t h e  mixture  and coun te rac t s  t h e  g r a v i t a t i o n a l  f o r c e .  

The d i f f u s i v e  equ i l ib r ium d i s t r i b u t i o n  of an ion  (Xi+) 
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I .  

kTi 
, with  k Boltzmann's c o n s t a n t ,  T .  t h e  i o n  where H(X. ) = - 

migo 
+ 

1 1 - 
t empera ture ,  m t h e  i o n  m a s s  and g t h e  a c c e l e r a t i o n  of g r a v i t y  
a t  t h e  e a r t h ' s  s u r f a c e  and where T = Te/Ti is t h e  r a t i o  of 
e l e c t r o n  t o  ion  tempera ture ,  B is t h e  g e o p o t e n t i a l  a l t i t u d e  and 
m 

I t  is eas i ly  s e e n  from (4)  t h a t  t h e  r a t i o  of t w o  i o n i c  

i 0 

+ + 
= Cn(Xi )mi/Cn(Xi ) is t h e  mean i o n i c  mass. + 

c o n s t i t u e n t s  i n  d i f f u s i v e  equ i l ib r ium depends on t h e  ion  
temperature  o n l y ,  even i f  t h e r e  is absence of thermal  e q u i l i b -  
rium. 
be expressed  by 

For t h e  two i o n i c  c o n s t i t u e n t s  H+ and He+ t h i s  r a t i o  can 

where B is a cons t an t  and - H(3) corresponds t o  t h e  scale h e i g h t  
f o r  an  e f f e c t i v e  mass of 3 A . M . U .  Using (5), an  ion temperature  
Ti = 1300° 2 60°K is i n f e r r e d  from t h e  t o p  p o r t i o n  of t h e  curve 
i n  F ig .  1, i n  good agreement w i t h  t h e  tempera ture  c a l c u l a t e d  
f o r  t h e  chemical e q u i l i b r i u m  region and w i t h  t h e  e f f e c t i v e  
charged p a r t i c l e  temperature  i n f e r r e d  by Taylor  _.- e t  a 1  (1963). 

1 1 1 .  The in t e rmed ia t e  region i n  F i g .  1 corresponds 
t o  a v a r i a b l e  scale he igh t  which is a weighted 
mean of t h e  s c a l e  h e i g h t s  f o r  t h e  d i f f u s i v e  and 
chemical equi l ibr ium r e g i o n s .  

A s  t h e  r e s u l t  of the foregoing  d i s c u s s i o n  t h e  ion  composition 
data of Taylor  -- e t  a l ,  1963, can be i n t e r p r e t e d  i n  t h e  fo l lowing  
f a s h i o n :  

Helium and hydrogen ions are i n  chemical equ i l ib r ium 
up t o  a geometr ic  altitude cf aboiit 500 iun. From t h i s  a l t i t u d e  
t o  about  750 km, both  chemical and d i f f u s i o n  processes  seem t o  
be i n f l u e n c i n g  t h e  d i s t r i b u t i o n ,  whi le  above 750 k m  t h e  l i g h t  
i o n i c  c o n s t i t u e n t s  appear  t o  fol low e s s e n t i a l l y  a d i f f u s i v e  

i 
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equ i l ib r ium d i s t r i b u t i o n . ]  
d e p a r t u r e s  from a t r u e  d i f f u s i v e  equ i l ib r ium d i s t r i b u t i o n  
evidenced i n  t h e  in t e rmed ia t e  reg ion  may a l s o  ar ise  from t h e  
e f fec t  of an upward or downward f l u x  of i o n s  a s  shown by 
Hanson (1963).  The conclusion of d i f f u s i v e  equ i l ib r ium f o r  
t h e  l i g h t  i o n s  above 750 km is d i f f i c u l t  t o  r e c o n c i l e  wi th  t h e  
observed decrease  of n(He+) a t  these a l t i t u d e s ,  u n l e s s  one 
is w i l l i n g  t o  accept  t h a t  t h e  abso lu te  va lues  of t h e  l i g h t  
ion  c o n c e n t r a t i o n s  r epor t ed  by Taylor  e t  a l ,  (1963),  are t o o  

l o w ,  or t h e i r  v a l u e s  of t o t a l  ion  d e n s i t y  (and n(O+) which is 
i n f e r r e d  therefrom) are t o o  h igh ,  or t h a t  a combination of 
these f a c t o r s  is p r e s e n t .  I f  t h e  l i g h t  i o n s  were of comparable 
o r d e r  of magnitude w i t h  n(O+) a t  a l t i t u d e s  above 750 km, 
n(He+) would indeed decrease  with a l t i t u d e  as  shown by 
Taylor  e t  a l ,  (1963),  even though it  is i n  d i f f u s i v e  equ i l ib r ium 
a s  i n d i c a t e d  above, without  reaching a second peak i n  its 
d i s t r i b u t i o n .  T h i s  f a c t  can e a s i l y  be v e r i f i e d  from equa t ion  
(4 )  by us ing  a mean i o n i c  m a s s  a p p r o p r i a t e  t o  t h i s  s i t u a t i o n .  
However, t h e  magnitude of t h e  adjustment of t h e  experimental  
d a t a  of Taylor  e t  a l ,  (1963),  r equ i r ed  t o  produce the above 
e f fec t  does not  appear  t o  be j u s t i f i a b l e  on t h e  b a s i s  of t h e  

i n t e r n a l  cons i s t ency  of t h e i r  da t a  (Taylor and Brace,  p r i v a t e  
communication.) 

I t  should be understood t h a t  

- 

The above conc lus ions ,  i f  supported by f u t u r e  measurements, 
may s e r i o u s l y  impede e f f o r t s  of e x p l a i n i n g  charged p a r t i c l e  
p r o f i l e s  i n  terms of a t e r n a r y  ion-mixture model i n  d i f f u s i v e  
e q u i l i b r i u m .  

I t  is a l s o  q u i t e  ev iden t  t h a t  even measurements of 

r e l a t i v e  ion  abundances can provide u s e f u l  in format ion  on t h e  

p h y s i c a l  p rocesses  i n  t h e  upper atmosphere. I n  p a r t i c u l a r , t h e y  
can be used t o  determine ion temperature ,  up t o  now a parameter 
most e l u s i v e  t o  direct  measurements. 
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Caption for Figure 1 

Altitude distribution of ion concentration ratio n(H+)/n(He+) 
derived from the ion mass-spectrometer measurements of 
Taylor et. al., (1963). The three regions indicated in the 
figure are interpreted in the text as corresponding to 
chemical equilibrium (I), diffusive equilibrium (11), and 
a transition from chemical to diffusive control of the 
distribution of H+ and He+ (111). 

--- - 



GEOMETRIC ALTITUDE (km) 

8 e 8 8 8 e 8 IC) 

0 0 0 0 

I I 

I I 1 I I 
0 
0 8 e 

0 0 
0 E: 

0 
8 b 

? 

? 
3 

39 
3 

- 

3 
LD 
d 

s 

x 

n 
0 

+ 
0 

~- 
0 

n 

Q) 
+ 
r 
Y 

c 
\ 
n + 
I 
Y 

c 

rl 

Q) 
k z 


